





















The quantum correction to electrical conductivity is studied on the basis of two-
dimensional Wolff Hamiltonian, which is an effective model for a spin-orbit coupled
(SOC) lattice system. It is shown that weak anti-localization (WAL) arises in SOC
lattices, although its mechanism and properties are different from the conventional
WAL in normal metals with SOC impurities. The interband SOC effect induces the
contribution from the interband singlet Cooperon, which plays a crucial role for WAL in
the SOC lattice. It is also shown that there is a crossover from WAL to weak localization
in SOC lattices when the Fermi energy or band gap changes. The implications of the
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4 ? 1? ???????????????




??? 1.1.1? Bi?????????????? (BZ)????????????????
??????? L?????????? 1.1.1???? 3???????? 2?? T ?? 4
?? L????????? 1.1.2? Bi???????????????????????
?? L?? T ??????L???????????????????????? [108]?
?? L????????????????? 10meV?????????????Bi???
?? SOC????? 1.8eV???? [110]?????????????????




? 1.1.2 Bi????? (?? [74]????)?
1.2 PbTe???
PbTe? NaCl???????????????? 6.4A˚????? [72]?BZ?????








????? 500K??? L?? Σ?????????????????????????
???????????????? [86]?
PbTe? SnTe???? Pb1−xSnxTe???????????????????????















W ∆L X ΓΛ Γ ΣQ
? 1.2.1 PbTe???????? [72]?????????
?? [23]?????????????????????????????????????
????Pb1−xSnxTe ????? x = 0 ????L ?????????????????
?????? L+6?L−6 ????x??????????????????????????
?????? L−6?L+6 ???????????????? 1.2.2 ? L ?????????
??????????? Sn???? x???????????????????????
?????????????????????????????????????????




























L6-   (2)
L6+  (2)
L6-   (2)
L45-  (2)
? 1.2.2 Pb1−xSnxTe? Sn????????? L??????????L+/−6/45 ???
????????????????????????????????????????
x = 0.38???????????? L+6 ?????????? L−6 ??????????
?? [72]??????????????
? 1?????????????????Bi? L???M = 1.00 ∼ 1.02??? [47]??
1.2.3? Pb1−xSnxTe????M ? Sn???? x????????PbTe???????
?????M???????M = 0.83??? [52]?????????????????
????M = 1????Wolff???????????????????????????
?????














? 1.2.3 Pb1−xSnxTe ? Sn ????????? M ????M||?M⊥ ??????
[111]???????????????????????????x = 0??M=0.83?
???x = 0.38?? L??????????M = 1????
1.3 k · p??????Wolff???????
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? (1.3.1)???????????? (1.3.2)?????????????????? (??





+ V (r) +
ℏ
4m2c2














drdk χ∗n′,k′(r)Hχn,k(r)cn(k) = Ecn′(k′) (1.3.6)




′·ru∗n′,0(r)Heik·run,0(r)cn(k) = Ecn′(k′) (1.3.7)
??????? (1.3.3)???????????????




+ V (r) +
ℏ
4m2c2
σ · (∇V (r)× p) (1.3.9)
pi ≡ p+ ℏ
4mc2













































dkδ(k − k′ −Km)k ·Bmn,n′cn(k) (1.3.14)





































k · P σσ′nn′
m
]
cn′σ′(k) = Ecnσ(k) (1.3.18)
??????? k · p????????? k · p????????????????????
???????????????????????????? k · P ??????????
??k · P ????????????????????????????????????
????????????????? [26, 78, 88, 107]?????????????????
?????????????????????????????????????
1.3 k · p??????Wolff??????? 11
1.3.2 Wolff??????????
Cohen-Blount ??? 2 ?????? Bi ? L ???????????????? [21]?
?????Wolff???????????????????????????? [108]??
?????????????????? k · p?????? (1.3.18)??????????
?????????? 2 ???????????????n = {1, 2}?σ = {↑, ↓} ????













∆+ ℏk · v↑↑11 ℏk · v↑↓11 ℏk · v↑↑12 ℏk · v↑↓12
ℏk · v↓↑11 ∆+ ℏk · v↓↓11 ℏk · v↓↑12 ℏk · v↓↓12
ℏk · v↑↑21 ℏk · v↑↓21 −∆+ ℏk · v↑↑22 ℏk · v↑↓22
ℏk · v↓↑21 ℏk · v↓↓21 ℏk · v↓↑22 −∆+ ℏk · v↓↓22
 (1.3.20)
????????????????????????? I?????? Θ????????
?? C = IΘ????????????
v↑↑mn = 〈m ↑ |vn ↑〉 = 〈Cvn ↑ |Cm ↑〉 = 〈n ↓ |vm ↓〉 = v↓↓nm (1.3.21)
v↑↓mn = 〈m ↑ |vn ↓〉 = 〈m ↑ |vCn ↑〉 = 〈CvCn ↑ |Cm ↑〉 = −v↑↓nm (1.3.22)
??? Cψn↑ = ψn↓?〈φ|ψ〉 = 〈Cψ|Cφ〉???? C2 = −1??????????????




∆ 0 ℏk · t ℏk · u
0 ∆ −ℏk · u∗ ℏk · t∗
ℏk · t∗ −ℏk · u −∆ 0
ℏk · u∗ ℏk · t 0 −∆
 (1.3.23)
??????? Cohen? Blount??????? 2???????? [21]????????
??????Re(t)? 0????????? [108]?????????





















W (1) = Im(u)
W (2) = Re(u)
W (3) = Im(t) (1.3.26)
???????????????
W (1) = (γ, 0, 0)
W (2) = (0, γ, 0)




∆ iℏγk · σ
−iℏγk · σ −∆
]
(1.3.28)
























 = −Nk iℏγ|k|∆+ Ek eiφk |c ↓〉+Nk |v ↑〉 , (1.3.31)







 = −Nk iℏγ|k|∆+ Ek e−iφk |c ↑〉+Nk |v ↓〉 (1.3.32)
????Ek =
√


















mc2 cp · σ






mc2 icp · σ
−icp · σ −mc2
]
(1.3.36)





??????? c???????????????????γ ?????? k · p????
????????????SOC ??????????????????????????
?????????????????????????????Wolff????? σz ??
??????? ↑?↓????? p ̸= 0????????????????? σz ?????
































k · σ 0



































































??????????????????????? σz ????????? ↑? ↓????
?????????????????????????????????????? ↑? ↓
?????????? [33, 110]?
Ψk,↑(r) = an(r) |↑〉+ bn(r) |↓〉 (1.4.1)
Ψk,↓(r) = a∗−k,n(r) |↓〉 − b∗−k,n(r) |↑〉 (1.4.2)
16 ? 1? ???????????????
?????????????????????????????????????????






??? α???????????????????????????????? α ∼ 〈|b|2〉

















x〈GR(k,k′, EF )GA(k,k′, EF )〉imp
GR/A ???/???????????????????????????????????











?? [89]?????? EF τ ≫ 1?????????????????? τ ???????
??????????(e)?????????????????????????????
???????????????????EF τ ≫ 1?????????????????
???? (b)?????????????(b)????????????????????
????????????????????????????????? [51]?













〈| 〈k′|V (r) |k〉 |2〉impδ(EF − Ek′) (2.1.1)




















































???????. (2.1.4) ????????? i ̸= j ?????????????????
?????????????????????????? i = j ???????????
???











|uk−k′ |2δ(EF − Ek′) (2.1.6)










∣∣∣∣ 1E −H0 − V ± iδ
∣∣∣∣k′〉 (2.1.8)








∣∣∣∣ 1E −H0 ± iδ
∣∣∣∣k′〉 = GR/A0 (k, E)δk,k′ (2.1.9)
20 ? 2? ??????
??????? GR/A0 (k, E)?
G
R/A
0 (k, E) =
1
E − Ek ± iδ (2.1.10)
??????????????????????????????????????〈
k
∣∣∣∣ 1E −H0 − V ± iδ







∣∣∣∣ 1E −H0 ± iδ







∣∣∣∣ 1E −H0 ± iδ





∣∣∣∣ 1E −H0 ± iδ
∣∣∣∣k′〉
+ · · · (2.1.11)
?????????? 2.1.2?????????













































〈GR/A(k,k′, EF )〉imp = δk,k
′









































Hso = λsoσ · [∇V (r)× p] (2.1.17)




? 2.1.3 SOC??????????????????????α?α′?β ???????????
??? σ ???????????? λso ? SOC???????SOC??????1???
?????????????????????????????????????????
2.1.3??????????????????????






















??????? 〈· · · 〉F ???????????????




























〈GR(k,k′, EF )GA(k,k′, EF )〉imp (2.2.1)
? 2.2.2(a) ?????????????????????? 2.2.2(b) ?????????
?????????????????????????????????????????
?????????????????????????????????????????











































???????????????????????????? 1? 2? 3? 4? 5????






















?????????? g0 ??????????????? (2.2.3) ??????????
???????????????? L ???????????????????????
g → ∞ ????????????????????????? [1]??????? (2.2.3)
????????????????????????? EF τ ≫ 1???????????










26 ? 2? ??????




?????????????????????????? (? 2.4.1 )?????????

















GR(k)GA(q − k) (2.4.2)





?????? q = k + k′ ????Π(q)?????????????????????? q
???????????????






















+ + + ?
k+k’ -k2k+k’ -k1k+k’
k2
k k’k k’ k1 k k’k1 k2






































Π(q) ∼ 2piρ0τ(1−Dq2τ) (2.4.6)
?????????????? D = 12v2F τ ?????? (2.4.6)?? (2.4.1)??????






















??? Γ(k + k′) ? k + k′ → 0 ?????????????????????????
????? k′ = −k ??????????????????? −k → k ??????
????????????????????????????????????????










































???????????????? τ ?????????????? τ−1 → τ−10 + τ−1so
????????????????? Π ???? SOC ???????????????
???











?????????D = v2F τ/2????????????????SOC????????
?????????????????????????????????? (∝ σx, σy)??
????????? Γ0 ??????????



























????? (2.4.12)?????????? Γ??????? (2.4.15)?????σ ???
??????????????????????????????????????












































30 ? 2? ??????
????????????? SOC????????? (2.4.21)?? (2.4.8)???????













































????? Altrand-Zirnbauer (AZ) ? 10 ??????????????????? [7]?
τ−1so,x,y ??????? SOC ????????????????????? Θ ?????
Θ2 = −1????????? AZ???????? AII (????????????)??
?????? AII?????????????????????????????? 1??
????????????????? Θ2 = −1???????????????????
??????SOC????????? τ−1so,x,y = 0??????????????????
?????? σz ?????????????????????????????????
??? Θ2 = 1???????????? AI (??????)?????????????
? (????????????)???? A (?????)????
2.4.2 ??????????????









ΓA + ΓB 0 0 0
0 −2ΓC ΓA − ΓB 0
0 ΓA − ΓB 2ΓC 0





x− y 0 0 0
0 −2z x+ y 0
0 x+ y 2z 0

















0 0 0 1
 (2.4.27)




Γ1 0 0 0
0 Γ2 0 0
0 0 Γ3 0




Γ01 0 0 0
0 Γ02 0 0
0 0 Γ03 0
0 0 0 Γ04
 (2.4.29)
???
Γ1 = ΓA + ΓB (2.4.30)
Γ2 = ΓA − ΓB + 2ΓC (2.4.31)
Γ3 = ΓA − ΓB − 2ΓC (2.4.32)
Γ4 = ΓA + ΓB (2.4.33)
32 ? 2? ??????
???









































??????????? (2.4.12) ?????????????????? Bethe-Salpeter
?????
Γl(r, r′) = Γ0lδ(r − r′) + Γ0l
∫
dr′′Π(r, r′′)Γl(r′′, r′)











Γl(r′′, r′) = Γl(r, r′) +∇Γl(r, r′) · (r′′ − r) + 1
2
∇2Γl(r, r′) · (r′′ − r)2 + · · ·
= e(r−r
′′)·∇Γl(r, r′) (2.4.37)
??????????? (2.4.36)? Γ(r, r′)????????














, τ−13 = 0 (2.4.39)
?????Γ(r, r′)????????????????????????????????









? τ−1l ?? (2.4.38)????????????????????????????????
????????? SOC?????????????????????????????
???????????? τ−1l ?? 2.4.1????????????1−2τ/τso,z−2τ/τso,x?
1 − 4τ/τso,x ? τ−1so ? τ−10 ????????????1??????????HLN???
????????????????????????????????????????
τ−1so ? τ−10 ??????????????
2.5 ???????????????
????????????????????????????????????????
??????????? k→ k− eA???????Γ(q)??????? q = k+ k′ ??
??? q → q − 2eA??????????????? (2.4.38)?
[






????????????????????????????? D0(−i∇ − 2eA)2 →
4eD0H
cℏ (n + 1/2)?????????????????????????????????
????-??????????????? [8, 70,106]?????
???????????????????????????????????????


























































??????? ℓφ ??????????????????????????? ℓB =√













34 ? 2? ??????
`/`so = 1/16
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????????????????????? [3, 5, 12, 20, 22, 62]???????????
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HW = H0 + V (r) (3.2.1)
H0 =
[
∆ iℏγσ · k
−iℏγσ · k −∆
]
(3.2.2)
ℏ??????????k = (kx, ky)????????2∆?????????γ ????σ
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?????????????? |i,k〉 ?? (1.3.29)-(1.3.32) ?????λ = EF /∆ ???
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??? 〈1,k|V (r) |2,k′〉 = 〈1,k|V (r) |3,k′〉 = 0???????????? 1?? 4??
????? 〈1,k|V (r) |4,k′〉 ̸= 0?????????????????(EF τ ≫ 1)???
????????????????????????? (EF τ)−1 ???????????
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???W?Wolff????GR/A????????GR/A = (EF −Ek± iℏ/2τ)−1????
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Nk = Nk′ = NkF , Xk = Xk′ = XkF (3.2.9)
?????



























































1 3 or 4
??????
Γ




3 or 43 or 4
1 3 or 4
? 3.2.2 ???????????????????1 ∼ 4 ?????????? |i,k〉
? i ????(i)∼(iii)?(v)∼(vii) ???????????????(iv)Bethe-Salpeter
?????????????? (? (3.2.7))?????????(viii)∼(xiv)?????
???????????????1? 2???????????????




dEk 〈1,−k| GˆR |1,−k〉 〈1,k| GˆR |1,k〉 〈1,k| GˆA |1,k〉 〈1,−k| GˆA |1,−k〉 = 4piρ0τ3
(3.2.11)
???? (EF τ)−1 ?????????????????
ρ0
∫


















































R(k′′)GA(q − k′′) = 2piτ

























Γˆ = Γˆ0 + Γˆ0ΠˆΓˆ (3.2.18)
???????????????? 〈· · · 〉F ????????????????????
Γˆ0 =




 1− 12Q2 − i2Q+ − 14Q2+− i2Q− 1− 12Q2 − i2Q+
− 14Q2− − i2Q− 1− 12Q2
 (3.2.20)
????
Q+ = Qx + iQy, Q− = Qx − iQy (3.2.21)










??? ℓ−2t = (λ− 1)2/(λ+1)2αtℓ−20 ?ℓ−2s = 2/(λ2− 1)αsℓ−20 ?????ℓ0 =
√
D0τ ??












46 ? 3? ????????????????????





(Γ00 − Γ11) (3.2.26)
????
Γnm ? Γ(q)kαkβ ????????????????????????q → 0?????
(〈kβ | ⊗ 〈−kβ |)Γ(|kα〉 ⊗ |−kα〉)???????????Γ00 ∝ 〈T|Γ |T〉? Γ11 ∝ 〈S|Γ |S〉
???????????????? |T〉 = |c ↑〉 ⊗ |c ↑〉 ????????????|S〉 =
1√
2
(|c ↑〉 ⊗ |v ↓〉 − |v ↓〉 ⊗ |c ↑〉)????????????????????????? |c〉
? |c〉???? |v〉? |v〉????????????????????? |c〉? |v〉????
????????Γ22 ????????????? (|v ↓〉 ⊗ |v ↓〉)???????????
?? 1√
2
(|c ↑〉 ⊗ |c ↓〉 − |c ↓〉 ⊗ |c ↑〉)????????? 1√
2
(|c ↑〉 ⊗ |c ↓〉+ |c ↓〉 ⊗ |c ↑〉)?
??????????????????? kz = 0 ? HLN ??????????????
??????????????????????? Γ(q)kk′ ? |q| ≪ |kF |???????
??q ????????(??? k′ = q− k????) ???? Γ(q)kk′ ? k? k′ ????





























































????ℓφ ????????????????????? ℓB =
√
ℏ/4eB ??????
3.2.3 ????????????????????EF/∆ ∼ 1???????????EF/∆
??????????????????B → 0????????????????????
? (3.2.28)?













????δσW(0)? δσW(L)???? L → ℓφ ?????????????EF ?????
?WL??WAL????????????????????????? (αt)?????






















? 3.2.3 ∆σW(B)???????∆σ(B) = [δσ(B)− δσ(0)]/(e2/2pi2ℏ)????λ?
???????????????ℓ0/ℓφ =0.1????
??? (αs) ??????????????????? 3.2.4 ? αt ? −αs ????? EF
???????????EF ≲ Ec ??? αt ? −αs ?????????????????
?????????????WL???????? EF ≳ Ec ??? αs ? −αt ?????
?????????WAL ?????????? HLN ????????????? SOC
?????WAL?????????????????















? 3.2.4 αt ? −αs ? λ = EF /∆???.
3.3 WAL?????? σW? σHLN???
τ−1so,x = τ
−1
so,y ̸= 0 ??????HLN ??????????? σHLN ????????
???


































































































? 3.3.1 ?????????? δσ(B) − δσ(0) ???????∆σ(B) = [δσ(B) −
δσ(0)]/(e2/2pi2ℏ) ??????? δσW???? δσHLN ??? δσW?δσHLN ????
ℓ0/ℓφ ??????????????ℓ20/ℓ2φ =0.01????
??????????????????? αH,1 = 3/2???????????????
αH,2 = −1/2???????WAL??????? 3.3.1 ? δσW ? δσHLN ???????
???????WAL?????? HLN????? δσW ???????????????





?????????δσW(B) ??????????????????????ℓφ ≫ ℓt ≫
ℓB ≫ ℓs ?????









































? 3.4.1 δσW ? δσW′ ????????????? ℓt ? ℓso ? λ = EF/∆????ℓso
? EF /∆ = 1 + 2
√
2?????????????
ℓφ ≫ ℓs ≫ ℓB ≫ ℓt ?????














????????? ℓφ ≫ ℓi ≫ ℓB ??????









????WL?????? αt > αs ??????WAL?????? ℓφ ≫ ℓs ≫ ℓB ≫ ℓt
???????????????? λ? 2.92 < λ < 3.05???????????????
?? αt + αs ? HLN ???? αH,1 + αH,2 = 1 ???????????????? ℓ−2t ?
ℓ−2s ?????????????????????????????
3.4 WL?????? σW? σHLN???
? 3.2? SOC?????WL?WAL????????????????? SOC??
???????WAL ??????????????????????????????















   DsW (B) 
  DsW' (B) 
EF/D=1.01
? 3.4.2 ????????? δσ(B) − δσ(0) ???????∆σ(B) = [δσ(B) −
δσ(0)]/(e2/2pi2ℏ)??????? δσW???? δσW′ ??? δσW?δσW′ ???? ℓ0/ℓφ
??????????????ℓ20/ℓ2φ =0.01 ????δσW′ ???? ℓ20/ℓ2so = 1/10000
????
??? SOC ???????WL ???????????????WL ????????
??????????WAL ???????????????WL ??????? EF ?
????????????????? EF ∼ ∆ ??????????????????
? Foldy-Wouthuysen (FW) ??????????4 × 4 ??????????????
2 × 2 ??????????????????????????????????? [39]?
? (3.2.1)? (γ2/∆)2 ???????? FW?????????HW ??????????








E = V (x), O = γα · k
[
0 iγσ · k
−iγσ · k 0
]
, (3.4.3)








????βO = −Oβ?EO = OE ????????????????????HW ? iS ?
????????????????????H′W ?????
H′W = eiSHWe−iS (3.4.5)
??? iS = βO/(2∆)????????? Campbell-Baker-Hausdorff?????
eiSHWe−iS = HW + [iS,HW] + 1
2!
[iS, [iS,HW]] · · · (3.4.6)










+ E − 1
8∆2








O ??????????? E ???????????????????????






+ E − 1
8∆2









H′W = β∆+ E ′ +O′ (3.4.10)
????????????????????
H′′W = β∆+ E ′ +
β
2∆
















∇2V (x) + γ
2
4∆2
σ · (∇V × k) (3.4.13)
3.4 WL?????? σW ? σHLN ??? 53
??????????????? 3????????????? 5?????????? 6












ρ0 ?????? ρ0 = V∆/piℏ2γ2 ????????????????????????
k,k′ ???????????????????? EF /∆ = λ ????????????
????????????????? k ? kz = 0 ?????????? (2.4.19) ??
τ−1so,x = τ
−1
so,y = 0????ℏ/2τso = ℏ/2τso,z ????τ−1so,x = τ−1so,y = 0????δσW′ ??
????????δσW′ ??????????




























ℓt ↔ ℓso ?????????????????? δσW′ ? δσW ???????????
??????????? 3.4.1? ℓso ? ℓt ? λ?????????????EF ?????






(λ− 1)2 +O((λ− 1)3) (3.4.17)
54 ? 3? ????????????????????
? 2 HLN (?? SOC?)?Wolff (SOC???)? Γ????
??? ???
HLN |c ↑〉 ⊗ |c ↑〉?|c ↓〉 ⊗ |c ↓〉? |c ↑〉 ⊗ |c ↓〉 − |c ↓〉 ⊗ |c ↑〉
(?? SOC??kz ̸= 0) |c ↑〉 ⊗ |c ↓〉+ |c ↓〉 ⊗ |c ↑〉
HLN |c ↑〉 ⊗ |c ↑〉?|c ↓〉 ⊗ |c ↓〉? ??
(?? SOC??kz = 0)
Wolff |c ↑〉 ⊗ |c ↑〉?|c ↓〉 ⊗ |c ↓〉 |c ↑〉 ⊗ |v ↓〉 − |v ↓〉 ⊗ |c ↑〉?
(SOC????kz = 0) |c ↓〉 ⊗ |v ↑〉 − |v ↑〉 ⊗ |c ↓〉






(λ− 1)2 +O((λ− 1)4) (3.4.18)
????????? O((λ − 1)2) ???? (ℓso/ℓ0)−2 ? (ℓt/ℓ0)−2 ??????ℓso/ℓ0 ?
EF/∆ = 1 + 2
√
2 ???????????????????????? σW′ ?? τso ?
?????????????????? ℓt/ℓ0 ? λ ?????????????????
?????????λ → 1 ??????δσW ????? αt = 1?αs = 0 ??????
(ℓt/ℓ0)
−2 = (ℓso/ℓ0)−2 = 0 ????? 3.4.2 ? δσW ? δσW′ ????????????
??λ→ 1?????δσW ? δσW′ ????????????
3.5 Bi1−xSbx ? PbTe????WL-WAL???
????
?????????????????????Bi ????????????? SOC ?
?????????? SOC???????????Bi? BZ? L???????????
??????????Wolff ???????????????????????Bi ???
????? ∆ = 7.7meV????????? µ ? µ = 35.3meV???? µ/∆ = 4.6 ??
? [46, 96, 113]???????Bi?????WAL??????????????????
?????????????? [3, 65]?Bi ??????WAL ?????? HLN ???
???? SOC ?????????????????????????? δσHLN ????
??????????????????????? δσ(B)???????????? SOC
???????????????????Bi? Sb????????? µ/∆??????
3.5 Bi1−xSbx ? PbTe????WL-WAL??????? 55
? 3.5.1 Bi????? (?? [74]????)?
?????? [47, 105]?µ??? ∆? Sb???? x ????? µ(x) = 4.6− 4.6x/0.09?
±∆(x) = 1−x/0.04?????? [46]?? 3.5.2(a)? µ(x)?∆(x)? Sb???? x ??
?????? 3.5.2(b)?WL??WAL???????????????????????
µ/∆ ∼3?WL?WAL???????Bi1−xSbx ???? x ∼ 0.06?WL??????
????????????????? 3.3× 1014m−2 ?????????????????




???????????????????????? SOC ??????????? PbTe
??? [4,23,52,60]?PbTe?????????????????????????????
?????????????? [67, 101, 109]?? 3.5 ? PbTe ????????? L ??
??????????????????? [101]?????????? GW???????
???????????????????? 3.4GPa??????????PbTe????





















? 3.5.2 (a) Bi1−xSbx ???????????? µ(x) ? ∆(x) ? Sb ???? x ?
???(?? [46] ??????????? (b)→ (a) ?????????) (b) δσ(B) −
δσ(0)???????∆σ(B) = [δσ(B)−δσ(0)]/(e2/2pi2ℏ)????λ???Bi1−xSbx




3.5 Bi1−xSbx ? PbTe????WL-WAL??????? 57
? 3.5.3 PbTe ????????? L ??????????? (?? [101] ????)?
BZ ? L-W ???L-Γ ??????????????????????????? V0
??????? V = 0.96V0 ??????????????? L+6?L−6 ??????
????????????????????????????? V = 0.926V0 ???
???????????????????????????? 3.4GPa????????












???????? SOC??????? HLN?????? |↑, ↑〉?|↑, ↓〉?|↓, ↑〉?|↓, ↓〉? 4
???????????????????????? 4????????????????
?????????SOC ?????????????????????????????
?? |c ↑〉?|c ↓〉?|v ↑〉?|v ↓〉? 4?????????????????????????




























































〈| 〈1,k|V (r) |α,k′〉 |2〉imp δ(Ek − EF)
= 2pinu20ρ0N























































? 4.2.1 1/τ ? λ = EF /∆????1/τfree = 2piρ0nu20 ?????1/τ0 ??????
???1/τIntra,sf ?????????????1/τInter,sf ??????????????
???


























? 4.3.1 ??????????????????? (4.3.4)??????α?β ????
???????????????
?????????????????????????
〈1,k| vˆx |1,k〉 = 〈2,k| vˆx |2,k〉 = 2N2γY cosφk (4.3.2)









′)〈〈β,k|V (r) |β′,k′〉 〈α′,k′|V (r) |α,k〉〉impv˜xβ′α′











EF − Eα ± i/2τ (4.3.5)
E1 = E2 = Ek?E3 = E4 = −Ek ????????????????????????












?? (α′,β′)???????????????? Ek′ ????????????





EF − Ek′ − i2τ
1
EF − Ek′ + i2τ
= 2piρ0τ (4.3.7)
4.3 ???????? 63
(α′, β′) = (1, 2)???? (α′, β′) = (1, 1)????????





EF − Ek′ − i2τ
1




(α′, β′) = (1, 4)???? (α′, β′) = (1, 3)????????
?? (α′, β′) = (2, 2)?(α′, β′) = (3, 3)?(α′, β′) = (4, 4)???? (α′, β′) = (1, 1)????











′) 〈1,k|β′,k′〉 〈1,k′|1,k〉 v˜xβ′1
+GA2 (k
′)GRβ′(k
′) 〈1,k|β′,k′〉 〈2,k′|1,k〉 v˜xβ′2
+GA3 (k
′)GRβ′(k
′) 〈1,k|β′,k′〉 〈3,k′|1,k〉 v˜xβ′3
+GA4 (k
′)GRβ′(k
′) 〈1,k|β′,k′〉 〈4,k′|1,k〉 v˜xβ′4
]
(4.3.9)











′) 〈1,k|β′,k′〉 〈1,k′|1,k〉 ηvvxβ′β′δβ′1
+GA2 (k
′)GRβ′(k
′) 〈1,k|β′,k′〉 〈2,k′|1,k〉 ηvvxβ′β′δβ′2
+GA4 (k
′)GRβ′(k
′) 〈1,k|β′,k′〉 〈4,k′|1,k〉 ηvvxβ′β′δβ′4
]
(4.3.10)











′) 〈1,k|1,k′〉 〈1,k′|1,k〉 ηvvx11
+GA2 (k
′)GR2 (k
′) 〈1,k|2,k′〉 〈2,k′|1,k〉 ηvvx22
+GA4 (k
′)GR4 (k















+ 〈1,k|2,k′〉 〈2,k′|1,k〉 ηvvx22
+ 〈1,k|4,k′〉 〈4,k′|1,k〉 ηvvx44
]
(4.3.12)
64 ? 4? ??????????????????????






































2τpiρ0N4(1 + Y 2)2
(4.3.15)
??????????????
ην = 1 + ην
2Y 2
(1 + Y 2)2
(4.3.16)










Γαβξω (k1,k2, q) = γ
αβ







µ (q − k3)Γµβνω(k3,k2, q)
(4.4.1)
γ ????????
γαβξω (k1,k2, q) = 〈〈β,k2|V (r) |α,k1〉 〈ω, q − k2|V (r) |ξ, q − k1〉〉imp
= nu20 〈β,k2|n〉 〈ω, q − k2|n′〉 〈m|α,k1〉 〈m′|ξ, q − k1〉 δmnδm′n′ (4.4.2)
??????????? 1ˆ =∑4 |n〉 〈n|?????〈n|?|n〉??????????????
































? 4.4.1 Bethe-Salpeter?????????????? (4.4.1)??????
?|2〉 = t(0, 1, 0, 0)?|3〉 = t(0, 0, 1, 0)?|4〉 = t(0, 0, 0, 1)????Γ(k3,k2, q)??????
? q = 0????????????????????????















lm (k) = 〈α,k|m〉GR/Aα (k) 〈l|α,k〉 (4.4.5)
?. (4.4.4)????????????
(ˆI− nu20Πˆ)Γˆ = nu20Iˆ (4.4.6)






l′m′(q − k) (4.4.7)
66 ? 4? ??????????????????????




2Y 2GR4 (k) (4.4.8)
GR14(k) = iN
2Y e−iφGR1 (k)− iN2Y e−iφGR4 (k) (4.4.9)
GR41(k) = −iN2Y eiφGR1 (k) + iN2Y eiφGR4 (k) (4.4.10)
GR44(k) = N




2Y 2GR4 (k) (4.4.12)
GR23(k) = iN
2Y eiφGR1 (k)− iN2Y eiφGR4 (k) (4.4.13)
GR32(k) = −iN2Y e−iφGR1 (k) + iN2Y e−iφGR4 (k) (4.4.14)
GR33(k) = N















43(k) = 0 (4.4.17)
??? GR/A1 (k) = GR/A2 (k)?GR/A3 (k) = GR/A4 (k) ??????????GAlm(q − k) ?
?????????????
GA11(q − k) = N2GA1 (q − k) +N2Y 2GA4 (q − k) (4.4.18)
GA14(q − k) = −iN2Y e−iφGA1 (q − k) + iN2Y e−iφGA4 (q − k) (4.4.19)
GA41(q − k) = iN2Y eiφGA1 (q − k)− iN2Y eiφGA4 (q − k) (4.4.20)
GA44(q − k) = N2Y 2GA1 (q − k) +N2GA4 (q − k) (4.4.21)
GA22(q − k) = N2GA1 (q − k) +N2Y 2GA4 (q − k) (4.4.22)
GA23(q − k) = −iN2Y eiφGA1 (q − k) + iN2Y eiφGA4 (q − k) (4.4.23)
GA32(q − k) = iN2Y e−iφGA1 (q − k)− iN2Y e−iφGA4 (q − k) (4.4.24)
GA33(q − k) = N2Y 2GA1 (q − k) +N2GA4 (q − k) (4.4.25)
GA12(q − k) = GA13(q − k) = GA21(q − k) = GA24(q − k) = 0 (4.4.26)
GA31(q − k) = GA34(q − k) = GA42(q − k) = GA43(q − k) = 0 (4.4.27)
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4.4.1 Πˆ???
GRlm(k)?GAl′m′(q − k)?????Πlml′m′ ???????????????










1 (q − k) +GR1 (k)GA4 (q − k)Y 2
+GR4 (k)G
A























−GR1 (k)GA1 (q − k)iY e−iφ +GR1 (k)GA4 (q − k)iY e−iφ








−GR1 (k)GA1 (q − k)iY eiφ +GR1 (k)GA4 (q − k)iY eiφ

















1 (q − k)Y 2 +GR1 (k)GA4 (q − k)
+GR4 (k)G
A


















1 (q − k)Y 2 +GR1 (k)GA4 (q − k)Y 4
+GR4 (k)G
A























−GR1 (k)GA1 (q − k)iY 3e−iφ +GR1 (k)GA4 (q − k)iY 3e−iφ
−GR4 (k)GA1 (q − k)iY e−iφ +GR4 (k)GA4 (q − k)iY e−iφ
]
(4.4.37)






−GR1 (k)GA1 (q − k)iY 3eiφ +GR1 (k)GA4 (q − k)iY 3eiφ

















1 (q − k)Y 4 +GR1 (k)GA4 (q − k)Y 2
+GR4 (k)G
A








(l,m) = (1, 2)?(l,m) = (1, 3)?(l,m) = (2, 1)?(l,m) = (3, 1)?(l,m) = (2, 4)?(l,m) =
(3, 4)?(l,m) = (4, 2)?(l,m) = (4, 3)??????? (l′,m′)???? Πlml′m′ = 0










1 (q − k)iY e−iφ +GR1 (k)GA4 (q − k)iY 3e−iφ

























1 (q − k)Y 2e−2iφ −GR1 (k)GA4 (q − k)Y 2e−2iφ










1 (q − k)Y 2 −GR1 (k)GA4 (q − k)Y 2








−GR1 (k)GA1 (q − k)Y 2e−2iφ +GR1 (k)GA4 (q − k)Y 2e−2iφ
+GR4 (k)G
A








−GR1 (k)GA1 (q − k)Y 2 +GR1 (k)GA4 (q − k)Y 2
+GR4 (k)G
A












1 (q − k)iY 3e−iφ +GR1 (k)GA4 (q − k)iY 3e−iφ














1 (q − k)iY eiφ +GR1 (k)GA4 (q − k)iY 3eiφ

























1 (q − k)Y 2 −GR1 (k)GA4 (q − k)Y 2










1 (q − k)Y 2e2iφ −GR1 (k)GA4 (q − k)Y 2e2iφ










1 (q − k)iY eiφ +GR1 (k)GA4 (q − k)Y 3eiφ








−GR1 (k)GA1 (q − k)Y 2 +GR1 (k)GA4 (q − k)Y 2
+GR4 (k)G
A










1 (q − k)iY 3eiφ +GR1 (k)GA4 (q − k)iY eiφ








−GR1 (k)GA1 (q − k)Y 2e2iφ +GR1 (k)GA4 (q − k)Y 2e2iφ
+GR4 (k)G
A












1 (q − k)iY 3eiφ +GR1 (k)GA4 (q − k)iY eiφ
−GR4 (k)GA1 (q − k)iY 3eiφ −GR4 (k)GA4 (q − k)iY eiφ
]
(4.4.57)







70 ? 4? ??????????????????????









1 (q − k) ∼ ρ0τ(1− iτvF · q − (vF · q)2τ2)




















4 (q − k) ∼ ρ0τ(1 + iτvF · q − (vF · q)2τ2)
= ρ0τ(1 + iQxcosφ+ iQysinφ−Q2xcos2φ− 2QxQycosφsinφ−Q2ysin2φ) (4.4.62)
























































































?. (4.4.63)-(4.4.72)????? Πlml′m′ ??????????
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(l,m) = (1, 4)???
Π1411 = Π
14
22 = −N4piρ0τiY (1 + Y 2)(iQx +Qy) (4.4.81)
Π1414 = −Π1432 = N4piρ0τY 2(Qy + iQx)2 (4.4.82)
Π1441 = −Π1423 = −N4piρ0τY 22(2−Q2) (4.4.83)
Π1444 = Π
14
33 = −N4piρ0τiY (1 + Y 2)(iQx +Qy) (4.4.84)
(l,m) = (2, 3)???
Π2311 = Π
23
22 = −N4piρ0τiY (1 + Y 2)(iQx +Qy) (4.4.85)
Π2314 = −Π2332 = N4piρ0τ2(2−Q2) (4.4.86)
Π2341 = −Π2323 = −N4piρ0τY 2pi(Qy − iQx)2 (4.4.87)
Π2344 = Π
23
33 = −N4piρ0τiY (1 + Y 2)(iQx +Qy) (4.4.88)
?????????????????????? Πlml′m′ ? 256????????
4.4.2 Γˆ???
? (4.4.6)???????? (Iˆ − nu20Πˆ)−1 ??????? Γ?????????????
(Iˆ − nu20Πˆ)−1 ???????????????Maple????????????????






(Y 2 + 1)2
(4.4.89)












γ2τ2(7λ8 − 8λ6 − 2λ4 + 3)q2 + 24λ8 + 32λ6 + 8λ4 (4.4.92)
Γ1144 =
2(λ2 + 1)2pinu20



































































































?????????????????????????????EF τ ≫ 1 ??????
????? α, β, ξ, ω = {1, 2}???????????????????????????








β (−k)GAω (k)GAξ (−k) = 4piρ0τ3 (4.5.2)
?????????????? (4.3.3)?????????? (4.5.1)???? (α, β, ξ, ω) =
(1, 1, 1, 1) ??? (α, β, ξ, ω) = (1, 2, 2, 1) ???????????? (4.4.3) ?????
74 ? 4? ??????????????????????








ξβ(−k)GRα (k)GRβ (−k)GAω (k)GAξ (−k)















ξβ(−k)GRα (k)GRβ (−k)GAω (k)GAξ (−k)























ξβ(−k) 〈β,−k|n〉 〈ω,k2|n′〉 〈m|α,k〉 〈m′|ξ,−k〉Γmnm′n′(q).
(4.5.6)

























































































































































Ξ1111 + Ξ1221 =N
8γ2Y 4Γ1441 +N
8γ2Y 4Γ4411 +N
8γ2Y 4Γ4114 −N8γ2Y 6Γ3333
+N8γ2Y 4Γ1144 −N8γ2Y 4Γ3223 −N8γ2Y 4Γ2332 −N8γ2Y 6Γ4444
−N8γ2Y 2Γ2222 −N8γ2Y 2Γ1111 +N8γ2Y 4Γ3322 +N8γ2Y 4Γ2233
= N8γ2Y 2(Γ1111 + Γ
22
22) +N
8γ2Y 6(Γ3333 + Γ
44
44)
+N8γ2Y 4(Γ1144 − Γ1441 − Γ4114 + Γ4411)





22 = 〈c ↑ c ↑| Γˆ |c ↑ c ↑〉+ 〈c ↓ c ↓| Γˆ |c ↓ c ↓〉 (4.5.10)
Γ3333 + Γ
44
44 = 〈v ↑ v ↑| Γˆ |v ↑ v ↑〉+ 〈v ↓ v ↓| Γˆ |v ↓ v ↓〉 (4.5.11)
Γ1144 − Γ1441 − Γ4114 + Γ4411 = 〈c ↑ v ↓| Γˆ |c ↑ v ↓〉 − 〈v ↓ c ↑| Γˆ |c ↑ v ↓〉
− 〈c ↑ v ↓| Γˆ |v ↓ c ↑〉+ 〈v ↓ c ↑| Γˆ |v ↓ c ↑〉
= (〈c ↑ v ↓| − 〈v ↓ c ↑|)Γˆ(|c ↑ v ↓〉 − |v ↓ c ↑〉) (4.5.12)
Γ2233 − Γ2332 − Γ3223 + Γ3322 = 〈c ↓ v ↑| Γˆ |c ↓ v ↑〉 − 〈v ↑ c ↓| Γˆ |c ↓ v ↑〉
− 〈c ↓ v ↑| Γˆ |v ↑ c ↓〉+ 〈v ↑ c ↓| Γˆ |v ↑ c ↓〉
= (〈c ↓ v ↑| − 〈v ↑ c ↓|)Γˆ(|c ↓ v ↑〉 − |v ↑ c ↓〉) (4.5.13)
??????????? (4.5.10)?(4.5.11) ?????????? (4.5.12)?(4.5.13) ??
??????????? 3 ???????????? Γ ???????????????
76 ? 4? ??????????????????????
??????????????????????? 3 ????????????????
? (4.5.11) ??????????|v ↑ v ↑〉?|v ↓ v ↓〉 ????????????????
????????? 3 ????????? (? 3 ??????????????????
?????)?????????????????????????? (? (4.5.9)) ???
Y 4 = (λ − 1)2/(λ + 1)2 ??????Y ?? (1.3.41)?????????Wolff????




?? |c ↑ c ↓〉+ |c ↓ c ↑〉??????????? |c ↑ c ↓〉 − |c ↓ c ↑〉?? 3???????




? 3 ??????????? Γ????
??? ???
|c ↑〉 ⊗ |c ↑〉?|c ↓〉 ⊗ |c ↓〉 |c ↑〉 ⊗ |v ↓〉 − |v ↓〉 ⊗ |c ↑〉?
|v ↑〉 ⊗ |v ↑〉?|v ↓〉 ⊗ |v ↓〉 |c ↓〉 ⊗ |v ↑〉 − |v ↑〉 ⊗ |c ↓〉











αt = − 2(λ
2 + 1)




































ξβ′(−k1)GRα′(k)GRα (k1)GRβ (−k)GRβ′(−k1)GAξ (−k1)GAω (k)








ξ′β(−k1)GRα (k)GRβ (−k1)GAξ′(−k1)GAξ (−k)GAω (k1)GAω′(k)
× Γαβξω (q)〈〈ξ,−k, |V (r)|ξ′,−k1〉 〈ω′,k|V (r)|ω,k1〉〉imp (4.5.18)



















?? δσt/s,b = δσt/s,a ????ηH,s ? λ → ∞ ? 1/4 ???????????????
? [10, 81, 100]?? 4.5.2?4.5.3?4.5.4? α?ηt/s?ℓt/s ????? EF /∆???????
????αs?αt ???????????????????????????? 3????
?? EF /∆ ∼ 3????????????????? [53]??????????????
????EF /∆ ∼ 2.5??? 3??????




































????? 4.5.5 ??????????????λ ????????? WL-WAL ???
??????????????????? SOC???????????????????
???














































































? 4.5.5 ???????????????????EF /∆ = 1.1?2.0?3.0?5.0?10.0
??????????



















 lsf, HLN =21nm
 lsf, Wolff =21nm
 lsf, HLN =10nm
? 4.6.1 ??????Wolff?HLN????Wolff?????ℓφ = 520nm?ℓ = 15nm?
EF /∆ = 20????HLN??????ℓφ = 300nm?ℓ0 = 10nm?ℓso = 12nm????
4.6 ??????????
? (4.5.22) ???????????????????????????????? ℓ ?
λ = EF /∆?????????? (4.2.5)-(4.2.7)?????????? ℓ0,???????
















?????????? ℓφ = 520nm?ℓ = 15nm?EF /∆ = 20 ????????????
???????????? ℓ0,Wolff = ℓsf,Wolff=21nm????HLN??????????
4.6 ?????????? 81
ℓφ = 300nm?ℓ0 = 10nm ?ℓso = 12nm???????????????????????
1/τsf ∼ 4/(3τso) ???????? [58]???????????????? ℓso ? HLN ?
?????? ℓsf,HLN ???? ℓsf,HLN ∼
√
3/(2ℓso) ????????? HLN ?????
??? ℓsf,HLN = 10nm ????????????????? δσW ??????????
???? HLN?????? 2???????????????? HLN????????
ℓsf,HLN = 21nm??????δσ ?????????????????
? 4 SOC???? HLN??????????
SOC??? HLN??
????? ℓφ 520nm 300nm
?????? ℓ0 21nm 10nm
?????? ℓsf 21nm 10nm
SOC??????????????????????????????????????



































5?? 3????? 4???????SOC??????????????????? Γ?
????????
? 5 SOC?????????????????? Γ????????
??? ???
? 3? |c ↑〉 ⊗ |c ↑〉?|c ↓〉 ⊗ |c ↓〉 |c ↑〉 ⊗ |v ↓〉 − |v ↓〉 ⊗ |c ↑〉?
(???????) |c ↓〉 ⊗ |v ↑〉 − |v ↑〉 ⊗ |c ↓〉
? 4? |c ↑〉 ⊗ |c ↑〉?|c ↓〉 ⊗ |c ↓〉? |c ↑〉 ⊗ |v ↓〉 − |v ↓〉 ⊗ |c ↑〉?


















































wi |αi〉 〈αi| (A.3)
????????????? |b〉?????????
〈b′′| ρ |b′〉 =
∑
i







〈b′′| ρ |b′〉 〈b′|A |b′′〉
= Tr(ρA) (A.5)
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????????????? (A.3)???????????????? t0 ???? |αi, t0〉
???????? |αi, t〉?????????????????? U(t)?????





wi |αi, t〉 〈αi, t| (A.7)
















???? F (t)?????????????? A???????????????????
??????







Z = Tre−βH0 (A.11)
?????????????????????????????????????????
??????????????
ρ = ρ0 + δρ (A.12)
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???????? jx(t) − Ne2Ax/m????? F (t)??????????? Ax(t)??












????Ax(t) = Ax(ω)e−iωt+ϵt?Ex(ω)/iω = Ax(ω)?jx(t) = jx(ω)e−iωt+ϵt ????
















dt〈[jx(t), jx(t = 0)]〉eiωt−ϵt (A.21)
?? Φxx(0)??????









































Eα − Eα′ + ℏω + iδ −
1
Eα − Eα′ =
−ℏω − iδ
(Eα − Eα′ + ℏω + iδ)(Eα − Eα′) (A.26)
????????????












| 〈α|jx|α′〉 |2 f(Eα)− f(Eα
′)





| 〈α|jx|α′〉 |2 f(Eα
′ − ℏω)− f(Eα′)
Eα′ − ℏω − Eα′ δ(Eα − Eα







| 〈α|jx|α′〉 |2 df(Eα
′)
dEα′








| 〈α|jx|α′〉 |2 df(E)
dE



















































E −H0 − V − iδ −
1






E −H0 − V − iδ −
1



























??B ? 4?? Γ???
Γ????????(m,n,m′, n′)?????????????????????????
??
(m,n,m′, n′) = (1, 1, 1, 1)↔ (1, 1)??
Γ1111 = 〈c ↑ c ↑| Γˆ |c ↑ c ↑〉 (B.1)
(m,n,m′, n′) = (1, 1, 2, 2)↔ (2, 2)??
Γ1122 = 〈c ↑ c ↓| Γˆ |c ↑ c ↓〉 (B.2)
(m,n,m′, n′) = (1, 1, 3, 3)↔ (3, 3)??
Γ1133 = 〈c ↑ v ↑| Γˆ |c ↑ v ↑〉 (B.3)
(m,n,m′, n′) = (1, 1, 4, 4)↔ (4, 4)??
Γ1144 = 〈c ↑ v ↓| Γˆ |c ↑ v ↓〉 (B.4)
(m,n,m′, n′) = (2, 2, 1, 1)↔ (5, 5)??
Γ2211 = 〈c ↓ c ↑| Γˆ |c ↓ c ↑〉 (B.5)
(m,n,m′, n′) = (2, 2, 2, 2)↔ (6, 6)??
Γ2222 = 〈c ↓ c ↓| Γˆ |c ↓ c ↓〉 (B.6)
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(m,n,m′, n′) = (2, 2, 3, 3)↔ (7, 7)??
Γ2233 = 〈c ↓ v ↑| Γˆ |c ↓ v ↑〉 (B.7)
(m,n,m′, n′) = (2, 2, 4, 4)↔ (8, 8)??
Γ2244 = 〈c ↓ v ↓| Γˆ |c ↓ v ↓〉 (B.8)
(m,n,m′, n′) = (3, 3, 1, 1)↔ (9, 9)??
Γ3311 = 〈v ↑ c ↑| Γˆ |v ↑ c ↑〉 (B.9)
(m,n,m′, n′) = (3, 3, 2, 2)↔ (10, 10)??
Γ3322 = 〈v ↑ c ↓| Γˆ |v ↑ c ↓〉 (B.10)
(m,n,m′, n′) = (3, 3, 3, 3)↔ (11, 11)??
Γ3333 = 〈v ↑ v ↑| Γˆ |v ↑ v ↑〉 (B.11)
(m,n,m′, n′) = (3, 3, 4, 4)↔ (12, 12)??
Γ3344 = 〈v ↑ v ↓| Γˆ |v ↑ v ↓〉 (B.12)
(m,n,m′, n′) = (4, 4, 1, 1)↔ (13, 13)??
Γ4411 = 〈v ↓ c ↑| Γˆ |v ↓ c ↑〉 (B.13)
(m,n,m′, n′) = (4, 4, 2, 2)↔ (14, 14)??
Γ4422 = 〈v ↓ c ↓| Γˆ |v ↓ c ↓〉 (B.14)
(m,n,m′, n′) = (4, 4, 3, 3)↔ (15, 15)??
Γ4433 = 〈v ↓ v ↑| Γˆ |v ↓ v ↑〉 (B.15)
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(m,n,m′, n′) = (4, 4, 4, 4)↔ (16, 16)??
Γ4444 = 〈v ↓ v ↓| Γˆ |v ↓ v ↓〉 (B.16)
???????????????
(m,n,m′, n′) = (1, 4, 2, 3)↔ (2, 15)??
Γ1423 = 〈v ↓ v ↑| Γˆ |c ↑ c ↓〉 (B.17)
(m,n,m′, n′) = (1, 4, 4, 1)↔ (4, 13)??
Γ1441 = 〈v ↓ c ↑| Γˆ |c ↑ v ↓〉 (B.18)
(m,n,m′, n′) = (2, 3, 1, 4)↔ (5, 12)??
Γ2314 = 〈v ↑ v ↓| Γˆ |c ↓ c ↑〉 (B.19)
(m,n,m′, n′) = (2, 3, 3, 2)↔ (7, 10)??
Γ2332 = 〈v ↑ c ↓| Γˆ |c ↓ v ↑〉 (B.20)
(m,n,m′, n′) = (3, 2, 2, 3)↔ (10, 7)??
Γ3223 = 〈c ↓ v ↑| Γˆ |v ↑ c ↓〉 (B.21)
(m,n,m′, n′) = (3, 2, 4, 1)↔ (12, 5)??
Γ3241 = 〈c ↓ c ↑| Γˆ |v ↑ v ↓〉 (B.22)
(m,n,m′, n′) = (4, 1, 1, 4)↔ (13, 4)??
Γ4114 = 〈c ↑ v ↓| Γˆ |v ↓ c ↑〉 (B.23)
(m,n,m′, n′) = (4, 1, 3, 2)↔ (15, 2)??

















































??? ( ? 3? )
????: Hiroshi Hayasaka and Yuki Fuseya
?????Weak anti-localization in spin-orbit coupled lattice systems?
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??????? ( ? 2???? )
????: Hiroshi Hayasaka and Yuki Fuseya
?????Crystalline spin-orbit interaction and Zeeman splitting in Pb1−xSnxTe?
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